Objectives: This study aims to evaluate the current state of microvascular function and to investigate the effect of supervised aerobic exercise on microvascular control mechanisms and health outcomes in women with fibromyalgia syndrome (FMS).
Fibromyalgia syndrome (FMS) is a widespread disabling pain disorder. [1] Patients with FMS who are unable to remain active due to pain exacerbations become increasingly deconditioned, and their ability to tolerate exercise is impaired over time. [2, 3] Due to the depressed mood with chronic pain, most women with FMS are physically inactive compared to age-matched healthy women. [4] Lifestyle changes in FMS patients are of special interest, as physical inactivity has been proposed as an independent cardiovascular risk factor. [5] It has been also shown that inactivity increases vascular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase expression and activity [6] and enhances vascular reactive oxygen species (ROS) production, which contributes to endothelial dysfunction during sedentary lifestyle, as opposed to a physically active lifestyle. [6, 7] On the other hand, beginning an exercise program at any stage of life can yield significant cardiovascular health benefits. [8] Moreover, aerobic physical exercise is a common recommendation in the management of FMS and is thought to be a more helpful treatment for FMS than many pharmacological treatments. [9, 10] Due to the presence of a strong correlation between pain and skin hyperthermia, and the evidences showing that nitric oxide (NO) enhances the sensitivity of peripheral nociceptors, it has been suggested that pain is associated with an excessive local level of NO. [11] An increased nitric oxide synthase (NOS) enzyme activity [12] and high NO levels [13] were reported in FMS patients. Larson et al. [14] showed that intensity of pain experienced in patients with FMS was associated with the increased synthesis of NO. Although NO released from the vascular endothelium plays an important role in the regulation of vascular tone, the effect of extravascular overproduction of NO on blood flow control in FMS patients is still unknown.
In recent years, the measurement of human cutaneous circulation with laser Doppler flowmetry (LDF) has emerged as an excellent method to examine the mechanisms of microcirculatory function and dysfunction. [15] [16] [17] As a result, cutaneous circulation has been used as a model circulation to investigate microcirculatory function in a variety of disease states, including FMS. [15] Abnormal microcirculation and reduced blood flow have been reported in the skin above tender points in FMS patients. [18] Morf et al., [19] using intravital capillaroscopy in FMS patients, found morphological abnormalities indicating capillary dilatation, indicating functional impairment in microcirculation in this patient population. However, it has been suggested that the disturbed microcirculation in FMS may be due to abnormal regulation of capillary blood flow rather than morphological changes in the capillaries. [20] The results of the current literature examining the effects of nociceptive C-fiber stimulation on microcirculation are controversial. Al-Allaf et al. [21] found no significant differences in cutaneous microvascular reactivity between patients with FMS and controls. However, in another study, painful stimulation of latent myofascial trigger points attenuated skin blood flow response in healthy individuals, suggesting an increased vasoconstrictor activity. [22] Although frequency domain methods based on fast Fourier transform (FFT) may provide more valuable physiological insights into the individual control mechanisms of blood flow, [23] aforementioned few studies on microcirculation in FMS patients used simple time domain indices. However, blood flow in the microvascular bed shows oscillations of different origins, which indicates the current functional state of the blood flow control systems. To date, six control systems have been described in the frequency ranging between 0.005 and 2 Hz: [24] endothelial related metabolic activity (0.005-0.0095 Hz); NO-dependent endothelial activity (0.0095-0.021 Hz): sympathetic neurogenic activity (0.021-0.052 Hz); intrinsic myogenic activity (0.052-0.145 Hz); respiratory activity (0.145-0.6 Hz) and heartbeat (0.6-2 Hz). The current state of these control mechanisms has not been studied in FMS patients, yet.
In the present study, we aimed to evaluate the current state of microvascular function and to investigate the effect of supervised aerobic exercise on microvascular control mechanisms and health outcomes in women with FMS.
PATIENTS AND METHODS
This prospective, controlled study included 40 postmenopausal women with FMS (mean age 51±11 years) and 20 healthy controls (mean age 52±9 years) between March 2013 and 26 April 2013. Patients with a history of hypertension, diabetes, coronary/peripheral artery disease, congestive heart failure, smoking, and obesity (body mass index >30 kg/m 2 ) were excluded from the study. Those with inflammatory rheumatic diseases, severe psychiatric illnesses, and respiratory or cardiovascular diseases which affected the blood flow were also excluded. The study protocol was approved by the institutional Ethics Committee. The study was conducted in accordance with the principles of the Declaration of Helsinki. A written informed consent was obtained from each participant.
All patients filled out the Turkish version [25] of the Revised Fibromyalgia Impact Questionnaire (FIQR), [26] which is a validated and self-administered tool. This tool was used to evaluate the patient based on the severity of three linked sets of domains: physical function, overall impact, and symptoms. The total maximum score is 100. In addition, pain severity was assessed using the visual analog scale (VAS).
Initially, all patients and controls were screened for the recruitment. Exercise program was completed for all patients as of June 2013. Some patients did not regularly participate to the exercise program. Therefore, the data of these patients were excluded from the analysis. Although 40 patients participated, the number of patients who was included in the analysis was 20. Baseline characteristics and reliability of questionnaire data are summarized in Table 1. A data acquisition system (Biopac Systems Inc., California, USA) equipped with a laser Doppler flowmeter (780 nm, 1 mW) was used to record the forearm cutaneous blood flow. To record the blood perfusion in the center of a locally heated area of skin, the fibers of the LDF probe (480 μm diameter) were placed in the center of a heating probe. The heating unit (Moor Instruments Ltd., Devon, UK) was able to control the temperature of the probe with ±0.3 °C accuracy. This combined probe was fixed to the forearm skin with a double-sided adhesive tape.
Cutaneous blood flow was recorded from the volar site of forearm of the subjects lying in supine position. The studies were performed in a quiet room at 23±2 °C. All participants were asked to refrain from consuming alcohol and caffeine containing drinks a day before the measurements. Each had 30 min rest before the test. After a 15 min recording of the baseline skin blood flow, a constant local heat (42 °C) was applied [27] to test the local control mechanisms of cutaneous vascular beds. The LDF signal was recorded during the peak vasodilator response to local heating at least for 15 min. Cutaneous blood flow was recorded before the beginning of the exercise training protocol and at the end of the training program. Figure 1 illustrates the experimental design of the blood flow measurements.
Although physical inactivity increases oxidative stress and endothelial dysfunction, [6] intense physical training decreases circulating antioxidants and endothelium-dependent vasodilatation; [28] therefore, it is necessary to optimize exercise training in FMS patients. It has been suggested that increasing the frequency of exercise, rather than intensity, may be useful [29] and optimal intensity of training is attained with moderate-intensity exercise. [30] In addition, it has been shown that a single bout of exercise improves endothelium-dependent dilation for about two days with a peak effect after 12-24 h and, regular exercise further improves adaptation and slowly returns to sedentary levels within a week of detraining. [31] Therefore, moderate-intensity aerobic activity was performed in this study.
Moderate-intensity aerobic activity, which is equivalent to a brisk walk (energy expenditure 3.0 to 6.0 metabolic equivalent: METs) [32] and noticeably accelerates the heart rate (HR) (70-85% of the age predicted maximum of HR) [10] was performed by treadmill walking for 30 min for five days each week during a month under supervision of a physiatrist (Figure 1 ). The patients were instructed to walk as quickly as possible, but not to run. Exercise begun at low-intensity, then gradually increased according to the individual tolerance of each patient. [33] The walking distance, time, speed, energy expenditure in calorie, and HR were read from the panel of the treadmill.
Blood Flow Measurements
Data relating to LDF was collected at 200 samples per sec. To find the frequency content of the LDF signals, spectral analysis was performed using the Acknowledge software (Biopac Systems Inc., California, USA) with its remove trend and windowing "Blackman" functions. This tool calculated the power spectral density (PSD) of LDF signals in [blood perfusion unit (BPU)]2/Hz, using the FFT algorithm. Then, the integral of the calculated PSD spectrum of the LDF signal was normalized to unity to standardize the spectrum. As the data length required in the FFT algorithm was equal to exact power of two, we used 2 17 data points in our calculations. As a result, the frequency components from 200/2 17 = 0.0015 Hz to 100 Hz were plotted in this analysis. However, we used six subintervals: [23] endothelial related metabolic activity (VI: 0.005-0.0095 Hz); NO-dependent endothelial activity (V: 0.0095-0.021 Hz): sympathetic neurogenic activity (IV: 0.021-0.052 Hz); intrinsic myogenic activity (III: 0.052-0.145 Hz); respiratory activity (II: 0.145-0.6 Hz), and heart beat (I: 0.6-2 Hz). In addition to the relative contribution of above each control mechanism to total PSD, we analyzed changes with vasodilatation before and after exercise.
Statistical analysis
The primary outcome measure for this study was the blood flow measured with LDF. Esen et al. [17] reported that the standard deviation (SD) of the parameters calculated from the LDF signal was 0.1, and we also used this value to find the sample size of each group using the two-tailed unpaired t-test. Our sample size calculation indicated that 20 participants were needed to obtain SD of this magnitude using a power of 0.95 and alpha (a) level of 0.05 (StateMate software, GraphPad Software Inc., CA, USA).
Secondary outcome measure of this study was the FIQ score. Since the scatter of the FIQ score is unknown, we used SD of the differences of completed study to determine the power. Our study (n=20 and SD of differences= 14.16) had a 95% power to detect a smallest mean difference between the pairs of 8.55 with a significance level (a) of 0.01 using the two-tailed paired t-test.
Tertiary outcome measure of this study was the VAS score. Our study (n=20 and SD of differences= 2.7) had a 95% power to detect a smallest mean difference between the pairs of 2.55 with a significance level (a) of 0.01 using the two-tailed paired t-test.
Internal consistency of the FIQ and VAS scores were assessed using the Cronbachʹs alpha. Data were analyzed using the SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA).
Data were analyzed using the GraphPad Prism version 6.01 software (GraphPad Software Inc., CA, USA). Descriptive data were expressed in mean±SD. Initially, all measurements were evaluated using the D'AgostinoPearson Test for normality. Then, normally distributed data were analyzed. Comparisons of the mean values of the FIQ and VAS scores were made using the paired t-test. Linear regression analysis was performed to determine the effect of FMS severity and pain level on blood flow control mechanisms. Therefore, the PSD values of each control mechanism measured in the FMS patients were plotted against their FIQ scores or VAS levels. Therefore, each of the five different control mechanisms was plotted as a function of FIQ or VAS in a separate graph. The fitted regression lines to these experimental points and their upper and lower 95% confidence limits were calculated using the multiple linear regression analysis.
RESULTS
There were no significant differences between the FMS and control groups in terms of age and the other parameters which are known to affect microvascular blood flow, including body mass index, blood pressure, and HR (p>0.05) ( Table 1 ). However, we found a significant improvement in the clinical parameters (FIQ and VAS) of the FMS patients with exercise ( Figure 2 ).
Baseline PSD values of cardiac control were significantly higher in the FMS group than the controls (p<0.001) (Figure 3a) . Thermal (T) hyperemia (T)-induced vasodilatation strengthened cardiac control mechanism in the control group, but not in the FMS group. Although it was not the same as in control, a significant response to local heating was observed in the FMS group after exercise training (Figure 3a) . In addition, baseline values of post-exercise cardiac PSDs showed a significant positive correlation with postexercise FIQ scores (Figure 3d ). On the other hand, there was no any other correlation between cardiac PSD values and FIQ scores. Figure 3b ) and neurogenic ( Figure 3c ) control mechanisms were significantly different between the FMS and control groups (p<0.001). Myogenic and neurogenic responses to local heating (T), which were seen in the control group, were unable to be observed in the FMS patients. However, these responses became significant in the FMS group after exercise training (p<0.05). In addition, there were negative correlations between the FIQ scores and two control mechanisms: myogenic (Figure 3e ) and neurogenic (Figure 3f ) following exercise.
Activity of myogenic (
Similarly, NO-dependent endothelial response to local heat, which was not the case in the FMS patients, became significant after exercise training in the control group (Figure 4) . Different from the other control mechanisms, NO-dependent endothelial activity had a negative correlation with VAS scores in the FMS patients (Figure 4 ).
DISCUSSION
Cutaneous blood flow is controlled by oscillatory mechanisms of both local (myogenic, neurogenic and endothelial) and central (cardiac and respiratory) origins. It is conceivable that sedentary lifestyle and chronic widespread pain in FMS patients may adversely affect these control systems, thereby, contributing to an increased predisposition of microvascular impairment. However, these mechanisms have not been studied using the frequency domain methods in FMS patients, yet. Spectral analysis based on the FFT of LDF signals was used to evaluate the current state of these mechanisms.
On the other hand, exercise is a common recommendation in the management of FMS. Therefore, we conducted the present study to examine the impact of exercise training on microvascular functions. Before exercise, consistent with our hypothesis, there were weak responses to local heat (a vasodilator stimulus) in the FMS patients, compared to the healthy controls, and local control mechanisms were impaired in these patients. Following fourweek moderate aerobic exercise training, we found significant improvements in local mechanisms, and in the FIQ and VAS scores. In parallel to these improvements, baseline PSD values of myogenic and neurogenic control systems were shown to be negatively correlated, whereas baseline PSD values of cardiac influences were shown to be positively correlated with the FIQ scores. However, baseline PSD values of NO-dependent endothelial control system were positively correlated only with VAS scores. These results suggest an impaired microvascular function in FMS patients, depending on the severity of disease, as assessed by the FIQ and VAS scores. The apparent weakness in the microvascular response to local heating could be attributed to the existence of excessive baseline activities in myogenic, neurogenic, and NO-dependent endothelial control systems in patients with FMS. Thus, chronic exposure to pain and sedentary lifestyle may decrease the sensitivity of local mechanisms to the vasodilator stimuli. In contrast, exercise may protect microvascular beds against harmful effects of these conditions. Periodic oscillations of the cutaneous perfusion with frequencies around 1 Hz originate from the pulsatile changes in the blood pressure due to periodic contraction of the heart. [23] Vascular smooth muscle cells in the small arteries and arterioles respond to these acute changes in blood pressure via a mechanism known as the myogenic effect. [34] Elevated pressure triggers contraction and narrows vascular beds to keep blood flow constant in capillaries. As a result, arterioles reduce the periodic variation in pressure and blood flow. Since the pulsatility is the leading risk factor for cardiovascular system, [35] baseline cardiac signal and its PSD value should be as low as possible in healthy microvascular beds during the supine rest. However, baseline values of cardiac PSD were greater in the FMS patients in the present study (p<0.0001). Furthermore, there was no significant change in cardiac PSD values in response to local heat, suggesting an impaired myogenic response, before exercise in the FMS group. Following exercise, cardiac PSD decreased, depending on the improvement in the FIQ scores, and a significant response was seen in the FMS patients.
Interestingly, baseline PSD values of myogenic and neurogenic control systems in the FMS patients were approximately similar to the response to local heat (T) in the control group. Furthermore, these two control systems did not respond to local heat in the FMS patients. Due to the chronic exposure of FMS patients to a variety of stimuli, neural or not, our results suggest an impaired myogenic and neurogenic control in these patients, which could be explained by the reduced efficacy of these systems in these patients. Negative correlations between the FIQ scores and two local mechanisms in the present study also confirm aforementioned suggestion. Therefore, with improvement in the FIQ scores, baseline activities of myogenic and neurogenic mechanisms and baseline PSD values corresponding to these activities should be returned to normal, depending on the decrease in severity of symptoms through exercise. Although their baseline PSD values did not attain to the level of control group, responses of myogenic and neurogenic mechanisms to local heat were became statistically significant in the FMS patients following exercise. These results are also consistent with the findings of Kvernmo et al. [36] Furthermore, several studies have shown that NOS activity [12] and NO level are already high in FMS patients. [11, 13, 14] Therefore, in case of increased NO, one would expect that the susceptibility/ sensitivity of a vascular system to a change in NO would be less. Although the local temperaturedependent mechanisms involve both axon ref lex and local generation of NO, [27] we found no change in the NO-dependent endothelial PSD values in response to local heat. This reduced sensitivity in the endothelial control system, which reveals an impaired NO-dependent endothelial activity, is also consistent with the finding of an excessive NO production in FMS patients. [11, 13, 14] In a healthy individual, one of the main mechanisms by which exercise training can positively affect the microvascular function is to enhance NO bioavailability. [37] It has been shown that acute exercise significantly increases NO production and endothelial NO synthase expression. [38] In contrary to the acute increase in NO production, if regular physical activity induces beneficial changes in the microvascular function, excessive NO should be reduced to normal levels following a sustained exercise period in FMS patients. Due to the presence of a positive correlation between the pain scores and endothelial PSD values, one may expect that the endothelial system should recover from their excessive baseline activity, depending on the reduction in the pain severity with exercise. Consistent with this finding, NO-dependent endothelial response to local heat significantly increased following exercise in our study. An important conclusion to be drawn from this finding is, thus, that exercise have both ways to modulate/regulate NO production, and our results indicate that it reduces excessive NO production in FMS patients. Although this finding is consistent with the finding of Sarıfakıoğlu et al., [13] further studies are needed to test this hypothesis.
Nonetheless, this study has some limitations. First, we were unable to measure NO levels in FMS patients. However, we found that the changes in the NO-dependent endothelial PSD values were NO-mediated. Second, although exercise program appeared to be successful to improve microvascular functions and symptom scores in FMS patients, a four-week period may not be sufficient to fully represent the necessary improvements. Third, an exercise program was unable to be applied to the control group; therefore, we were unable to make a comparison between the groups.
In conclusion, compared to healthy age-matched controls, FMS patients had impaired microvascular functions. These results indicate that moderateintensity aerobic exercise exerts a beneficial effect on the local control mechanisms, neurogenic, myogenic and endothelial, of microvascular beds and improves disease severity, as evidenced by the FIQ and VAS scores in FMS patients. Overall, our results highlight the importance of physical exercise as an adjuvant therapy in cardiovascular risk factor modification in FMS patients.
